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In Klebsiella pneumoniae the transmembrane
b-barrel forming outer membrane protein KpOmpA
mediates adhesion to a wide range of immune
effector cells, thereby promoting respiratory tract
and urinary infections. As major transmembrane
protein OmpA stabilizes Gram-negative bacteria by
anchoring their outermembrane to thepeptidoglycan
layer. Adhesion, osmotic pressure, hydrodynamic
flow, and structural deformation apply mechanical
stress to the bacterium. This stress can generate
tensile load to the peptidoglycan-binding domain
(PGBD) of KpOmpA. To investigate how KpOmpA
reacts to mechanical stress, we applied a tensile
load to the PGBD and observed a detailed unfolding
pathway of the transmembrane b-barrel. Each step
of the unfolding pathway extended the polypeptide
connecting the bacterial outer membrane to the
peptidoglycan layer and absorbed mechanical
energy. After relieving the tensile load, KpOmpA
reversibly refolded back into the membrane. These
results suggest that bacteria may reversibly unfold
transmembrane proteins in response to mechanical
stress.
INTRODUCTION
Outer membrane protein A (OmpA) is highly conserved among
Enterobacteriaceae and represents the most abundant protein
of the outer membranes. Due to its multiple essential functions,
OmpA is one of the best-studied membrane proteins in Gram-
negative bacteria (Faraldo-Go´mez and Sansom, 2003; Koebnik
et al., 2000; Smith et al., 2007). OmpA provides mechanical
stability by anchoring the outer membrane to the murein layer
via a C-terminal peptidoglycan-binding domain (PGBD). OmpA
acts as a receptor for bacteriophages and bacteriocins and as
a target for host cell defense systems (Smith et al., 2007;
Wang, 2002). Moreover, OmpA has been described as a gatingStructure 20, 121transmembrane pore (Hong et al., 2006). Importantly, OmpA is
a key protein facilitating bacterial adhesion to mammalian and
plant cells. OmpA-mediated adhesion is involved in meningitis,
enterohemorrhagic infections, immune invasion, and pneumo-
niae (Jeannin et al., 2000; Shin et al., 2005; Soulas et al., 2000).
Among all outer membrane proteins, OmpA forms the smallest
b-barrel, with eight antiparallel b-strands. The residues inside
this b-barrel are tightly packed so that much of the lumen inside
the barrel is filled with polar side chains that interact through
a network of hydrogen bonds and electrostatic interactions
(Pautsch and Schulz, 2000). In Klebsiella pneumoniae, OmpA
(KpOmpA) mediates adhesion to a wide range of immune
effector cells and is responsible for respiratory tract and urinary
infections (Jeannin et al., 2000; Pichavant et al., 2003; Soulas
et al., 2000). Like OmpA, KpOmpA comprises an eight
b-stranded transmembrane b-barrel with extracellular loops
that are significantly larger than those of Escherichia coli
OmpA (Renault et al., 2009). It is thought that K. pneumoniae
infection is mediated via adhesion of these loops, whereas the
C-terminal PGBD of the b-barrel protein remains strongly
anchored to the peptidoglycan layer in the periplasmic space
(Figure 1A) (Hizukuri et al., 2009; Wang, 2002).
Several factors can mechanically stress the outer membrane
of Gram-negative bacteria. Among these are osmotic pressure,
hydrodynamic flow, mechanical deformation, and cell adhesion
(Hizukuri et al., 2009; Smith et al., 2007; Wang, 2002). OmpA,
as the major transmembrane protein (z100,000 copies per
bacterium [Koebnik et al., 2000]) of the outer membrane, me-
chanically stabilizes the Gram-negative bacterium by anchoring
the outer membrane to the peptidoglycan layer (Endermann
and Henning, 1979; Endermann et al., 1978; Koebnik, 1995;
Sonntag et al., 1978) and protects the bacterium from environ-
mental stress (Wang, 2002). In absence of other major mecha-
nisms anchoring the outer membrane to the peptidoglycan
layer, one must assume that mechanical stress applied to the
outer membrane of the bacterium will apply tensile load to
the PGBD that anchors KpOmpA of the outer membrane to
the peptidoglycan layer. To characterize how KpOmpA may
react to mechanical stress applied to the outer membrane of
K. pneumoniae, we applied a tensile load to the C-terminal
anchor of KpOmpA and characterized the response of the
b-barrel protein that was anchored in the lipid membrane–127, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 121
Figure 1. Omps of Gram-Negative Bacteria and SMFS Experiment
(A) Omps (indicated) support diverse functions that are essential for bacterial survival. These include the binding and transport of solutes and molecules (bottom)
anchoring the outer membrane to the peptidoglycan and mediating bacterial adhesion to hosts.
(B) SMFS experiment mimicking tensile load applied between the transmembrane b-barrel and the PGBD of KpOmpA. The tip of an AFM cantilever is used
to mechanically stress the nonspecifically attached PDGB domain. While retracting the cantilever, its deflection (force) and distance between tip and membrane
is measured in a force-distance curve (Figure 2A). The PGBD structure is a homology model generated using SWISS-MODEL based on the structure of the
OmpA-like domain RmpM (PDB entry code 1R1M.pdb) (Bordoli et al., 2009).
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corresponding to that stabilizing single cell adhesion bonds
(z60–200 pN) (Helenius et al., 2008; Mu¨ller et al., 2009), indi-
vidual b-strands of KpOmpA start unfolding in distinct steps,
with the last b-strand showing an unusually high anchoring
strength in the membrane. This stepwise unfolding absorbs
mechanical energy and extends the polypeptide connecting
peptidoglycan and the outer membrane up to z80 nm. As
soon as it is relieved from the tensile load, the unfolded KpOmpA
polypeptide reversibly folds back into the membrane.
RESULTS AND DISCUSSION
Applied to Tensile Load KpOmpA Unfolds Stepwise
To apply a tensile load to the PGBD of full-length KpOmpA re-
constituted in lipid membranes (Supplemental Experimental
Procedures available online), we used single-molecule force
spectroscopy (SMFS) (Figure 1B). To facilitate nonspecific
attachment of the PGBD, the atomic force microscopy (AFM)
tip was pushed onto the KpOmpA surface. Withdrawing the
AFM tip stretched the PGBD and induced the stepwise unfolding
and extraction of KpOmpA from the membrane. Force-distance
curves recorded the interactions that occurred upon unfolding
of a single KpOmpA (Figures 2A and 2B). We analyzed only
force-distance curves that corresponded to the fully stretched
length of a KpOmpA polypeptide unfolded from the PGBD
(Experimental Procedures and Supplemental Experimental
Procedures). This selection criterion ensured that KpOmpA
was mechanically unfolded by stretching its PGBD (Kedrov
et al., 2007).122 Structure 20, 121–127, January 11, 2012 ª2012 Elsevier Ltd All rIndividual force-distance curves showed a series of peaks that
varied in force and occurrence (Figure 2B). Every force peak
of a force-distance curve reflected an interaction that was
established by an unfolding intermediate with all intermediates
describing the unfolding pathway of KpOmpA. Superimposing
all force-distance curves showed a clear pattern of predominant
force peaks (Figure 2C). Unfolding a C-terminally truncated
version of KpOmpA lacking the PGBD showed a similar pattern
of prevalent force peaks as observed for the full-length KpOmpA
(Figure S1). The difference between both force peak patterns
was that the pattern of C-terminally truncated KpOmpA shifted
toward shorter distances (i.e., contour lengths). This shift high-
lighted that full-length KpOmpAwas unfolded from its C-terminal
end (Bosshart et al., 2008; Kedrov et al., 2007; Kedrov et al.,
2004). Furthermore, this experiment demonstrated that the
prevalent force peaks observed for full-length KpOmpA (Fig-
ure 2C) detected the unfolding intermediates and pathways of
the transmembrane b-barrel.
Reproducibly occurring force peaks were fitted using the
worm-like chain (WLC) model to reveal the contour lengths of
unfolded polypeptide stretches (Figures 2A and 2C). The aver-
age contour lengths of these unfolded polypeptide stretches
(Figure S2) allowed assigning the structural segments that,
upon unfolding, transformed one unfolding intermediate to the
next (Figure 2D). In contrast to the mechanical unfolding of
water-soluble proteins, transmembrane proteins unfold sequen-
tially (Engel and Gaub, 2008; Kedrov et al., 2007; Oesterhelt
et al., 2000). The reason for this sequential unfolding behavior
is that transmembrane proteins are embedded in and anchored
by the highly anisotropic lipid membrane. Thus, when pullingights reserved
Figure 2. Mechanical Unfolding of KpOmpA
Embedded in Lipid Membranes
(A) Force-distance curve recorded during unfolding of
a single KpOmpA shows force peaks that detect unfolding
intermediates of the b-barrel protein. Individual force
peaks have been fitted using the WLCmodel to obtain the
contour lengths (given in amino acids [aa]) of the unfolded
polypeptide chain.
(B) Selection of force-distance curves each recorded un-
folding a single KpOmpA.
(C) Superposition of force-distance curves (n = 183) shows
the reproducible unfolding pattern of KpOmpA. Colored
lines are WLC fits as shown in (A). The gray-scale bar
ranging from 0 to 35 allows assigning the density levels of
the superposition.
(D) Mapping the main unfolding intermediates of the
transmembrane b-barrel. Equally colored b-strands unfold
in cooperative events. The N-terminal b-strand unfolds in
a single step. Numbers in brackets indicate contour
lengths revealed fromWLCfits,while other numbers locate
the interaction detected at the corresponding amino acid
position in KpOmpA (PDB entry code 2K0L.pdb). In case
the interaction had to be assumed to lie opposite of the
membrane, 11 aa (z4 nm) were added to the contour
length to structurally locate the interaction. This procedure
is called ‘‘membrane compensation’’ (Supplemental
Experimental Procedures) (Mu¨ller et al., 2002).
(E) Predominant unfolding pathway of KpOmpA. The
secondary structure schemes show that upon mechanical
pulling of the PGBD, the b-strands 8, 7, and 6 (red) unfold
in a single step. After this, the b-strands 5 and 4 (blue)
unfold, followed by the b-strands 3 and 2 (green). In a final
step, the N-terminal b-strand (gray) is extracted from the
membrane. See also Figures S1 and S2.
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directly linked to the terminal end fromwhich the AFM tip applies
the tensile load. After this, the forthcoming structural segment
that unfolds is the next adjacent one. Therefore, the sequence
of the force peaks reflects the sequential unfolding steps of the
structural segments of the transmembrane protein (Engel and
Gaub, 2008; Kedrov et al., 2007). Consequently, the first struc-
tural segment that unfolded from the transmembrane b-barrel
was created by three b-strands connected to the C-terminal
end. The second and third structural segments that unfolded
were established by two b-strands, and the last unfolding
intermediate was established by a single N-terminal b-strand.
Figure 2E demonstrates the predominant unfolding pathway of
KpOmpA.
KpOmpA Shows a Unique Unfolding Pathway with
b Strands Forming Unfolding Intermediates
Previous mechanical unfolding experiments showed that main
unfolding steps of the transmembrane b-barrel protein OmpG
were established by single b-hairpins of two b-strands (SapraStructure 20, 121–127, January 11et al., 2009). Upon changing the functional
state of OmpG, b-strands 8, 9, and 10 grouped
to unfold together, and b-strand 11 unfolded
individually (Damaghi et al., 2010). Thus, it is
not surprising that up to three b-strands of
KpOmpA can unfold individually.The observation that a transmembrane protein mediating
bacterial adhesion and providing mechanical stability to the
outer membrane can unfold in several steps lines up interesting
mechanistic insight on structural and functional design princi-
ples. Based on the extended hydrogen-bonding network of
charged and polar residues in the lumen of the OmpA b-barrel,
it may be assumed that the transmembrane b-barrel acts as
one entity (Bowie, 2004; Pautsch and Schulz, 1998, 2000).
In addition, chemically and thermally induced unfolding and
refolding experiments suggest that OmpA and a similar trans-
membrane b-barrel protein, PagP, insert into the lipid bilayer in
one major step (Huysmans et al., 2010; Kleinschmidt, 2006;
Tamm et al., 2004). Therefore, a priori, one may assume that
when applying a sufficiently high tensile load, KpOmpA is ex-
tracted in one step from the membrane. Instead, the b-barrel
protein unfolds in consecutive steps, with each unfolding step
requiring the input of a tensile load. This stepwise unfolding
of KpOmpA destroys mechanical energy stressing the PGBD.
Thus, one may speculate that too high tensile load applied to
the outer membrane of the bacteria could be relieved by multiple, 2012 ª2012 Elsevier Ltd All rights reserved 123
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unfolding of KpOmpA brings along another advantage that
extracellular loops, which facilitate bacterial adhesion (Pichavant
et al., 2003; Smith et al., 2007; Wang, 2002), are extracted from
potential binding sites as soon as the tensile load applied
becomes too high.
Our experiments show that the unfolding intermediates of
KpOmpA are established by single and grouped b-strands.
Their detailed unfolding pathways are different from the almost
spontaneous force-induced unfolding of the water-soluble
b-barrel forming green fluorescent protein (GFP) (Dietz and
Rief, 2004). In case of GFP unfolding, the exposure of the
hydrophobic core to the hydrophilic aqueous solution is one
of the driving unfolding forces. In contrast, the anisotropic envi-
ronment of the lipid membrane significantly contributes to the
structural stability of the embedded protein so that unfolding
forces must be repetitively applied for a sequence of unfolding
intermediates until the entire membrane protein has been
unfolded. The stepwise unfolding behavior of KpOmpA is
similar to that observed for the larger transmembrane b-barrel
protein OmpG comprising 14 b-strands (Damaghi et al., 2010;
Sapra et al., 2009). This finding is surprising since it is thought
that the interaction of b-barrel proteins with the membrane also
depends on the size of the b-barrel (Kleinschmidt, 2006; White
and Wimley, 1999).
The N-terminal b Strand Is Unusually Strongly Anchored
in the Membrane
Our experiment shows that the first unfolding events of grouped
b-strands of KpOmpA require forces ofz100–200 pN, with the
last unfolding event of the N-terminal b-strand requiring the
highest forces of z388 ± 17 pN (n = 183) (Figure S2). These
forces, which reflect the interaction strengths stabilizing the
b-strands, are higher compared to those (z100–150 pN)
required to unfold b-strands from the larger b-barrel membrane
protein OmpG (Sapra et al., 2009) and to those (z150–200 pN)
required to unfold the entire b-barrel protein GFP (Dietz and
Rief, 2004) at similar conditions. Thus, our experiments suggest
that KpOmpA is an unusually stable protein.
It is surprising that the last N-terminal b-strand of KpOmpA
requires an average pulling force of z388 pN to be unfolded
and extracted from the membrane bilayer. Alternatively, one
may assume that the strong force peak at z314 amino acids
(aa) that detects the N-terminal b-strand (Figure 2) could also
reflect the rupture of the attachment between the AFM tip
and the polypeptide. In such a case, the detected force would
underestimate the force required to unfold and extract the
N-terminal b-strand from the membrane bilayer. Nevertheless,
the N-terminal b-strand shows at least an z2–4 times higher
stability than that determined for the unfolding of two or three
b-strands (Figure S2). This finding suggests that the N-terminal
b-strand has been designed to anchor much more stably in the
membrane than all other b-strands of the b-barrel.
In Absence of Externally Applied Tension KpOmpA
Refolds into the Membrane
We investigated what happens once the KpOmpA polypeptide
has been unfolded. Therefore, we unfolded single KpOmpA
molecules leaving the last N-terminal b-strand anchored in the124 Structure 20, 121–127, January 11, 2012 ª2012 Elsevier Ltd All rmembrane (Figure 3; Figure S3). Then, we relaxed the polypep-
tide and provided sufficient time (z2 s) for refolding. After this,
we stretched the polypeptide again to detect which secondary
structures refolded. In z2.5% of 200 refolding experiments
performed, we observed that the unfolded polypeptide refolded.
In these cases, the unfolding force peaks of the refolded poly-
peptide reoccurred at the same positions as detected upon
initial unfolding of KpOmpA (Figure 3B). This suggests that the
secondary structures of KpOmpA refolded. If the b-strands
would have folded without inserting into the membrane or simply
adsorbed to the membrane surface, the force peaks would have
been detected at shifted positions (Supplemental Experimental
Procedures). Similarly, because force peaks are characteristic
for the membrane protein fold, they would have changed
position in the presence of misfolding events (Kedrov et al.,
2007; Kedrov et al., 2006). Moreover, the average unfolding
forces were similar upon initial unfolding of KpOmpA and upon
unfolding the refolded KpOmpA. This experiment showed that
when partially unfolded and relaxed, KpOmpA refolds into the
membrane to establish secondary structures and interactions
similarly to those observed of native KpOmpA.
Possible Extension of the Two-State Folding and
Insertion Model to b-Barrel Membrane Proteins
In the case of transmembrane a-helical proteins, it was shown
that the mechanically stressed polypeptide not only induces
the stepwise unfolding of the membrane protein but also folds
back stepwise into the membrane bilayer (Kedrov et al., 2006;
Kedrov et al., 2004; Kessler et al., 2006). Similarly, mechanically
loaded OmpG unfolds stepwise and refolds stepwise into the
membrane (Damaghi et al., 2011). Here we show that when
mechanically stressing the PGBD of KpOmpA, transmembrane
b-strands form stable unfolding intermediates and, as soon as
the tensile load disappears, fold back into the lipid membrane.
Bulk unfolding experiments suggest that OmpA from E. coli
unfolds and folds reversibly (Kleinschmidt, 2006; Tamm et al.,
2004). The folding process is described to occur via three
membrane-bound folding intermediates. In the first stage, the
OmpA polypeptide adsorbs to the water-membrane interface.
In the second stage, the polypeptide adopts a partially
membrane-inserted folding intermediate, and in the third stage,
the fully inserted polypeptide forms the tertiary structure of
OmpA. Differences between SMFS and conventional denatur-
ation and renaturation experiments (Kleinschmidt, 2006; Tamm
et al., 2004) of OmpA may be due to different experimental
conditions. In our experiments, KpOmpA was embedded in
a lipid membrane and investigated in buffer solution at room
temperature. Conventional unfolding and refolding experiments
using thermal or chemical denaturants (e.g., 4–8 M urea) are
thought to induce very different unfolding scenarios of, in most
cases solubilized, OmpA. However, in vivo and in vitro experi-
ments have shown that OmpA fragments can insert into the
membrane and fold into biologically active OmpA (Debnath
et al., 2010; Koebnik, 1996). This suggests that single and
grouped b-strands can form stable structures in the membrane
and that b-stranded fragments can assemble into functional
OmpA complexes. More generally, our results suggest that the
two-state folding and insertion model in which transmembrane
a helices insert and fold into the membrane as independentlyights reserved
Figure 3. Refolding a Single KpOmpA
(A) Schematic of refolding experiment. After attaching the PGBD to the AFM tip, the cantilever is withdrawn to initiate unfolding of KpOmpA. After all domains have
been unfolded except for the last b-strand (>70 nm), the unfolded polypeptide is relaxed, bringing the AFM tip in close proximity (z10 nm) to themembrane. Then,
a certain time is left for the polypeptide to refold (z2 s) and the AFM tip is withdrawn to detect the refolded structures.
(B) Force-distance curves recorded according to (A). First, KpOmpA is partially unfolded until the N-terminal b-strand embedded in the membrane bilayer is
detected. Then, the unfolded polypeptide is relaxed. After a refolding time of 2 s, KpOmpA is completely unfolded. See also Figure S3.
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protein (Engelman et al., 2003) may be expandable to b-stranded
membrane proteins.
Relevance to Outer Membrane of K. pneumoniae Being
Exposed to Mechanical Stress
OmpA that mediates bacterial adhesion is embedded in the
outer membrane and attached via the C terminus to the peptido-
glycan layer of the periplasmic space (Faraldo-Go´mez and
Sansom, 2003; Koebnik et al., 2000; Smith et al., 2007). Force
spectroscopy studies show that single receptor-ligand bonds
facilitating cell adhesion rupture at forces ranging between
z20–200 pN when mechanically stressed at similar experi-
mental conditions as used in this work (Helenius et al., 2008;
Mu¨ller et al., 2009). The magnitude of these rupture forces
depends on the bond formed, on the reaction trajectory the
receptor and ligand are forced to separate, and on the cell state
and experimental environment (Evans and Calderwood, 2007).
Thus, the force values exerted by single adhesive bonds suggest
that they could become sufficiently large to induce unfolding of
a single KpOmpA. In addition to KpOmpA, other molecules
(e.g., proteins or carbohydrates) can significantly contribute to
bacterial adhesion and, thus, to the mechanical stress applied
to the bacterial outer membrane (Alsteens et al., 2009; Aprikian
et al., 2011; Verbelen et al., 2008; Yakovenko et al., 2008). ItStructure 20, 121has been reported that the adhesion strength mediated by
single bacterial proteins can reach sufficient values to induce
the complete or partial unfolding of water-soluble proteins
(Alsteens et al., 2009; Aprikian et al., 2011; Yakovenko et al.,
2008). Most importantly, however, the adhesion of the entire
bacterial cell to, for example, a host is much stronger than that
facilitated by single receptor-ligand bonds and can easily reach
several tens of nanonewtons (Razatos et al., 1998). Such large
adhesion forces are sufficient to deform the membrane and
thus apply tensile load to the PGBD of KpOmpA. Moreover,
osmotic pressure, hydrodynamic flow, andmechanical deforma-
tion can add significantly to the tensile load between PGBD and
transmembrane b-barrel of KpOmpA (Hizukuri et al., 2009; Smith
et al., 2007; Wang, 2002). Thus, we can assume that the tensile
load applied in this work to unfold KpOmpA indeed can occur
in vivo. In absence of the anchorage to the peptidoglycan,
even little mechanical stress significantly deforms the relatively
soft outer membrane (Sonntag et al., 1978). In comparable
situations, small adhesive forces of 60–80 pN start deforming
the cellular membrane until membrane tethers (or nanotubes)
are extracted (Mu¨ller et al., 2009; Sheetz, 2001). To prevent
this effect, the bacterial transmembrane protein OmpA anchors
the outer membrane to the peptidoglycan layer. Our SMFS
experiments applied tensile load to the PGBD of KpOmpA.
Upon reaching a critical force, KpOmpA starts stepwise–127, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 125
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stress applied to bacterial membrane, membrane protein, and
peptidoglycan anchor. Taking this escape route, KpOmpA
employs stepwise unfolding pathways to dissipate too large
tensile loads, being of mechanical origin, and to escape from
unfavorable mechanically stressing situations. As soon as the
tensile load disappeared the unfolded KpOmpA polypeptide
refolds back into the membrane to reanchor membrane and
peptidoglycan layer so that native conformations can be re-
established. These results indicate that cells may employ unfold-
ing and refolding pathways of transmembrane proteins to fulfill
dedicated functional tasks.
EXPERIMENTAL PROCEDURES
SMFS
Full-length KpOmpA was prepared as described in detail in the Supplemental
Experimental Procedures. Briefly, KpOmpA was expressed into E. coli
inclusion bodies, refolded in the presence of Octyl-POE (Alexis Biochemicals,
Switzerland), purified by metal affinity and size exclusion chromatography.
Purified protein was reconstituted into a 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) (Avanti Polar Lipids Inc., USA) lipid membrane by
dialysis-driven detergent removal.
Lipid membranes containing densely packed KpOmpA were adsorbed to
freshly cleaved mica in buffer solution (pH 8, 20 mM Tris-HCl, 150 mM
NaCl). After an adsorption time of z30 min nonadsorbed membranes were
removed by washing the sample with adsorption buffer. After this, the
membranes were localized by AFM imaging in adsorption buffer at room
temperature (Mu¨ller and Engel, 2007). For SMFS, the AFM tip (OMCL-
RC800PSA, Olympus, Japan) was pushed onto the membrane until reaching
a force of z1 nN for z500 ms. This forced contact led to the attachment of
the PGBD from KpOmpA to the tip inz0.1% of all cases. Then the cantilever
to which the AFM tip was attached was retracted at 600 nm/s to induce protein
unfolding. A force-distance curve recorded the forces required to overcome
the interactions that stabilized the unfolding intermediates of the membrane
protein. For refolding, the protein was attached to the AFM tip as described
before. Subsequently, the tip was retracted by z90 nm leading to partial
KpOmpA unfolding. After that, the piezo was extended so that the cantilever
rested at a height of z10 nm above the membrane surface. This position
was kept constant forz2 s allowing refolding of KpOmpA into the lipid bilayer.
In the final step the cantilever was retracted again with a speed of 600 nm/s
leading to complete KpOmpA unfolding. Only force-distance curves where
the cantilever was not in contact with the membrane surface during refolding
were accepted for analysis.
Data Selection and Analysis
For analysis we selected only force-distance curves that were sufficiently long
to ensure that KpOmpA was unfolded from its PGBD. The fully stretched
KpOmpA polypeptide shows 359 aa and assuming a contour length of
0.36 nm per amino acid this corresponds to a length of z129 nm. The
C-terminal domain, to which the AFM tip preferentially attached, was z140
aa long (z50 nm), whereas the N-terminal end was z14 aa long (z5 nm).
Since the exact attachment point of the AFM tip to the C-terminal PGBD
was not known (Supplemental Experimental Procedures), we selected force-
distance curves which were R70 nm long. This selection criterion together
with the controls (Figure S1) ensured that we selected force-distance curves
that were recorded when pulling the C-terminal domain of KpOmpA. Force-
distance curves were manually superimposed and every force peak of every
curve was fitted using the WLC model and a persistence length of 0.4 nm.
These WLC fits provided for every force peak the contour length of the
unfolded and stretched polypeptide segment (Kedrov et al., 2007; Mu¨ller
and Engel, 2007). The metric contour length was converted into numbers of
amino acids by division with 0.36 nm, which is the average distance between
the Ca-atoms of two adjacent amino acids (Pauling et al., 1951). A histogramof
all contour lengths fitted from all force-distance curves analyzed was gener-
ated (Figure S2). A Gaussian was fitted to the main peaks of the histogram126 Structure 20, 121–127, January 11, 2012 ª2012 Elsevier Ltd All rin order to extract the average contour length values. These contour lengths
were taken to assign the interactions that established structurally stable
segments on the transmembrane b-barrel of KpOmpA (Protein Data Bank
[PDB] entry code 2K0L.pdb). The first peak in the contour length histogram
was assigned to the periplasmic end of the C-terminal b-strand. In some cases
the contour length suggested that the interaction anchoring the unfolded poly-
peptide had to be located at the extracellular membrane surface opposite to
the AFM tip pulling from the periplasmic surface. To locate this interaction
we applied a ‘membrane compensation’ called procedure (Supplemental
Experimental Procedure).
SUPPLEMENTAL INFORMATION
Supplemental information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.str.2011.11.002.
ACKNOWLEDGMENTS
This work was supported by the German Research Foundation (grant MU
1791) and the European Union Seventh Framework Programme (FP7/2007-
2013, grant agreement no. 211800). We thank C. Bippes for assistance and
critical reading of the manuscript and J.-L. Popot for helpful discussions.
Received: July 28, 2011
Revised: October 20, 2011
Accepted: November 4, 2011
Published: January 10, 2012
REFERENCES
Alsteens, D., Dupres, V., Klotz, S.A., Gaur, N.K., Lipke, P.N., and Dufreˆne, Y.F.
(2009). Unfolding individual Als5p adhesion proteins on live cells. ACS Nano 3,
1677–1682.
Aprikian, P., Interlandi, G., Kidd, B.A., Le Trong, I., Tchesnokova, V.,
Yakovenko, O., Whitfield, M.J., Bullitt, E., Stenkamp, R.E., Thomas, W.E.,
and Sokurenko, E.V. (2011). The bacterial fimbrial tip acts as a mechanical
force sensor. PLoS Biol. 9, e1000617.
Bordoli, L., Kiefer, F., Arnold, K., Benkert, P., Battey, J., and Schwede, T.
(2009). Protein structure homology modeling using SWISS-MODEL work-
space. Nat. Protoc. 4, 1–13.
Bosshart, P.D., Casagrande, F., Frederix, P.L., Ratera,M., Bippes,C.A.,Mu¨ller,
D.J., Palacin, M., Engel, A., and Fotiadis, D. (2008). High-throughput single-
molecule force spectroscopy for membrane proteins. Nanotechnology 19,
384014.
Bowie, J.U. (2004). Membrane proteins: a new method enters the fold. Proc.
Natl. Acad. Sci. USA 101, 3995–3996.
Damaghi, M., Bippes, C., Ko¨ster, S., Yildiz, O., Mari, S.A., Ku¨hlbrandt, W., and
Muller, D.J. (2010). pH-dependent interactions guide the folding and gate the
transmembrane pore of the beta-barrel membrane protein OmpG. J. Mol. Biol.
397, 878–882.
Damaghi, M., Ko¨ster, S., Bippes, C.A., Yildiz, O., and Mu¨ller, D.J. (2011). One
b hairpin follows the other: exploring refolding pathways and kinetics of the
transmembrane b-barrel protein OmpG. Angew. Chem. Int. Ed. Engl. 50,
7422–7424.
Debnath, D., Nielsen, K.L., and Otzen, D.E. (2010). In vitro association of frag-
ments of a beta-sheet membrane protein. Biophys. Chem. 148, 112–120.
Dietz, H., and Rief, M. (2004). Exploring the energy landscape of GFP by
single-molecule mechanical experiments. Proc. Natl. Acad. Sci. USA 101,
16192–16197.
Endermann, R., Kra¨mer, C., and Henning, U. (1978). Major outer membrane
proteins of Escherichia coli K-12: evidence for protein II being a transmem-
brane protein. FEBS Lett. 86, 21–24.
Endermann, R., and Henning, U. (1979). Nearest neighbors of major proteins
in the outer membrane of Escherichia coli K12. FEBS Lett. 97, 339–342.ights reserved
Structure
KpOmpA Unfolds and Refolds in Response to LoadEngel, A., and Gaub, H.E. (2008). Structure and mechanics of membrane
proteins. Annu. Rev. Biochem. 77, 127–148.
Engelman, D.M., Chen, Y., Chin, C.N., Curran, A.R., Dixon, A.M., Dupuy, A.D.,
Lee, A.S., Lehnert, U., Matthews, E.E., Reshetnyak, Y.K., et al. (2003).
Membrane protein folding: beyond the two stage model. FEBS Lett. 555,
122–125.
Evans, E.A., and Calderwood, D.A. (2007). Forces and bond dynamics in cell
adhesion. Science 316, 1148–1153.
Faraldo-Go´mez, J.D., and Sansom,M.S. (2003). Acquisition of siderophores in
gram-negative bacteria. Nat. Rev. Mol. Cell Biol. 4, 105–116.
Helenius, J., Heisenberg, C.P., Gaub, H.E., and Muller, D.J. (2008). Single-cell
force spectroscopy. J. Cell Sci. 121, 1785–1791.
Hizukuri, Y., Morton, J.F., Yakushi, T., Kojima, S., and Homma, M. (2009). The
peptidoglycan-binding (PGB) domain of the Escherichia coli pal protein can
also function as the PGB domain in E. coli flagellar motor protein MotB.
J. Biochem. 146, 219–229.
Hong, H., Szabo, G., and Tamm, L.K. (2006). Electrostatic couplings in OmpA
ion-channel gating suggest a mechanism for pore opening. Nat. Chem. Biol. 2,
627–635.
Huysmans, G.H., Baldwin, S.A., Brockwell, D.J., and Radford, S.E. (2010). The
transition state for folding of an outer membrane protein. Proc. Natl. Acad. Sci.
USA 107, 4099–4104.
Jeannin, P., Renno, T., Goetsch, L., Miconnet, I., Aubry, J.P., Delneste, Y.,
Herbault, N., Baussant, T., Magistrelli, G., Soulas, C., et al. (2000). OmpA
targets dendritic cells, induces their maturation and delivers antigen into the
MHC class I presentation pathway. Nat. Immunol. 1, 502–509.
Kedrov, A., Ziegler, C., Janovjak, H., Ku¨hlbrandt, W., and Mu¨ller, D.J. (2004).
Controlled unfolding and refolding of a single sodium-proton antiporter using
atomic force microscopy. J. Mol. Biol. 340, 1143–1152.
Kedrov, A., Janovjak, H., Ziegler, C., Kuhlbrandt, W., and Muller, D.J. (2006).
Observing folding pathways and kinetics of a single sodium-proton antiporter
from Escherichia coli. J. Mol. Biol. 355, 2–8.
Kedrov, A., Janovjak, H., Sapra, K.T., and Mu¨ller, D.J. (2007). Deciphering
molecular interactions of native membrane proteins by single-molecule force
spectroscopy. Annu. Rev. Biophys. Biomol. Struct. 36, 233–260.
Kessler, M., Gottschalk, K.E., Janovjak, H., Muller, D.J., andGaub, H.E. (2006).
Bacteriorhodopsin folds into the membrane against an external force. J. Mol.
Biol. 357, 644–654.
Kleinschmidt, J.H. (2006). Folding kinetics of the outer membrane proteins
OmpA and FomA into phospholipid bilayers. Chem. Phys. Lipids 141, 30–47.
Koebnik, R. (1995). Proposal for a peptidoglycan-associating a-helical motif in
the C-terminal regions of some bacterial cell-surface proteins. Mol. Microbiol.
16, 1269–1270.
Koebnik, R. (1996). In vivo membrane assembly of split variants of the E.coli
outer membrane protein OmpA. EMBO J. 15, 3529–3537.
Koebnik, R., Locher, K.P., and Van Gelder, P. (2000). Structure and function of
bacterial outer membrane proteins: barrels in a nutshell. Mol. Microbiol. 37,
239–253.
Mu¨ller, D.J., and Engel, A. (2007). Atomic force microscopy and spectroscopy
of native membrane proteins. Nat. Protoc. 2, 2191–2197.
Mu¨ller, D.J., Kessler, M., Oesterhelt, F., Mo¨ller, C., Oesterhelt, D., andGaub, H.
(2002). Stability of bacteriorhodopsin alpha-helices and loops analyzed by
single-molecule force spectroscopy. Biophys. J. 83, 3578–3588.
Mu¨ller, D.J., Helenius, J., Alsteens, D., and Dufreˆne, Y.F. (2009). Force probing
surfaces of living cells to molecular resolution. Nat. Chem. Biol. 5, 383–390.Structure 20, 121Oesterhelt, F., Oesterhelt, D., Pfeiffer, M., Engel, A., Gaub, H.E., and Mu¨ller,
D.J. (2000). Unfolding pathways of individual bacteriorhodopsins. Science
288, 143–146.
Pauling, L., Corey, R.B., and Branson, H.R. (1951). The structure of proteins;
two hydrogen-bonded helical configurations of the polypeptide chain. Proc.
Natl. Acad. Sci. USA 37, 205–211.
Pautsch, A., and Schulz, G.E. (1998). Structure of the outer membrane protein
A transmembrane domain. Nat. Struct. Biol. 5, 1013–1017.
Pautsch, A., and Schulz, G.E. (2000). High-resolution structure of the OmpA
membrane domain. J. Mol. Biol. 298, 273–282.
Pichavant, M., Delneste, Y., Jeannin, P., Fourneau, C., Brichet, A., Tonnel,
A.B., and Gosset, P. (2003). Outer membrane protein A from Klebsiella
rpneumoniae activates bronchial epithelial cells: implication in neutrophil
recruitment. J. Immunol. 171, 6697–6705.
Razatos, A., Ong, Y.L., Sharma, M.M., and Georgiou, G. (1998). Molecular
determinants of bacterial adhesion monitored by atomic force microscopy.
Proc. Natl. Acad. Sci. USA 95, 11059–11064.
Renault, M., Saurel, O., Czaplicki, J., Demange, P., Gervais, V., Lo¨hr, F., Re´at,
V., Piotto, M., andMilon, A. (2009). Solution state NMR structure and dynamics
of KpOmpA, a 210 residue transmembrane domain possessing a high poten-
tial for immunological applications. J. Mol. Biol. 385, 117–130.
Sapra, K.T., Damaghi, M., Ko¨ster, S., Yildiz, O., Ku¨hlbrandt, W., and Muller,
D.J. (2009). One beta hairpin after the other: exploring mechanical unfolding
pathways of the transmembrane beta-barrel protein OmpG. Angew. Chem.
Int. Ed. Engl. 48, 8306–8308.
Sheetz, M.P. (2001). Cell control by membrane-cytoskeleton adhesion. Nat.
Rev. Mol. Cell Biol. 2, 392–396.
Shin, S., Lu, G., Cai, M., and Kim, K.S. (2005). Escherichia coli outer membrane
protein A adheres to human brain microvascular endothelial cells. Biochem.
Biophys. Res. Commun. 330, 1199–1204.
Smith, S.G., Mahon, V., Lambert, M.A., and Fagan, R.P. (2007). A molecular
Swiss army knife: OmpA structure, function and expression. FEMS
Microbiol. Lett. 273, 1–11.
Sonntag, I., Schwarz, H., Hirota, Y., and Henning, U. (1978). Cell envelope and
shape of Escherichia coli: multiple mutants missing the outer membrane lipo-
protein and other major outer membrane proteins. J. Bacteriol. 136, 280–285.
Soulas, C., Baussant, T., Aubry, J.P., Delneste, Y., Barillat, N., Caron, G.,
Renno, T., Bonnefoy, J.Y., and Jeannin, P. (2000). Outer membrane protein
A (OmpA) binds to and activates human macrophages. J. Immunol. 165,
2335–2340.
Tamm, L.K., Hong, H., and Liang, B. (2004). Folding and assembly of beta-
barrel membrane proteins. Biochim. Biophys. Acta 1666, 250–263.
Verbelen, C., Dupres, V., Raze, D., Bompard, C., Locht, C., and Dufreˆne, Y.F.
(2008). Interaction of the mycobacterial heparin-binding hemagglutinin with
actin, as evidenced by single-molecule force spectroscopy. J. Bacteriol.
190, 7614–7620.
Wang, Y. (2002). The function of OmpA in Escherichia coli. Biochem. Biophys.
Res. Commun. 292, 396–401.
White, S.H., and Wimley, W.C. (1999). Membrane protein folding and stability:
physical principles. Annu. Rev. Biophys. Biomol. Struct. 28, 319–365.
Yakovenko, O., Sharma, S., Forero, M., Tchesnokova, V., Aprikian, P., Kidd,
B., Mach, A., Vogel, V., Sokurenko, E., and Thomas, W.E. (2008). FimH forms
catch bonds that are enhanced by mechanical force due to allosteric regula-
tion. J. Biol. Chem. 283, 11596–11605.–127, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 127
